Fused deposition modeling (FDM) has become widely used for personal/ desktop cost-effective printers. This work presents an investigational platform, which is used to study the surface roughness quality, and dimensional accuracy of 100% infill density printed parts fabricated by a personal/desktop cost-effective FDM 3D printer using different types of thermoplastic filament materials namely, PLA, PLA+, ABS and ABS+. Varieties of experiments were conducted after the fabricated parts were naturally cooled down for at least three hours to room temperature. During printing work, the nozzle diameter, layer height, nozzle temperature and printing speed were set at 0.3 mm, 0.1 mm, 220˚C and 30 mm/s, respectively. According to the experimentally obtained data results over 10 mm scanned profile and 90˚ measuring direction (perpendicular to building direction), PLA+ thermoplastic filament material shows an excellent surface behaviour and is found to be more accurate while ABS does exhibit high surface roughness, waviness and primary behaviour. Both PLA and ABS+ show good surface performance.
Introduction
After almost 25 years of research in the field of rapid prototyping (RP) [1] , it is still in its primary stages and various obstacles with this technology that still exist, however, it provides possible cost-effective production of high-end two-dimensional (2D) and three-dimensional (3D) products which are alternatives to traditional manufacturing technology and also it continues to grow with additional methods and applications [2] . Recently, 3D printing technology has gone beyond being an industrial prototyping and manufacturing process to become more accessible to small companies (i.e., start-up companies) and even individuals (i.e., personal/desktop 3D printers). Amongst the many RP technologies in the market share, the fused deposition modeling (FDM) method is considered as one of the additive manufacturing (AM) technologies that can automatically, precisely and economically fabricate any (unknown) physical three-dimensional (3D) solid objects from virtual computer-aided design (CAD) model data with even very complex geometrical shapes [3] [4] . It is used for design verification, medical modeling and rapid tooling applications [5] . The fabrication sequence is usually horizontal layer-by-layer or path-by-path in a relatively fast way in order to reduce the product development cycle period, without any tooling and/or fixture use [6] . The main advantages of AM technology include a good variety of thermoplastic polymer material available, easy material change, low maintenance cost, quick production of thin parts, absolute tolerance equal to or less than ±0.1 mm overall, no need for supervision, no toxic materials, very compact size and variety of low-temperature operations [7] . Because of that, FDM 3D technique shows great potential in mould fabrication [8] , biomedical device design [9] , tissue engineering [10] and other industrial fields [11] [12] [13] . In contrast, the main drawbacks of AM technology are due to the fact that nozzle temperature fluctuations during the printing work could lead to high surface roughness and warping deformation particularly if compared to other traditional manufacturing technologies [7] . Thus, as RP is moving towards rapid manufacturing, there is increasing demand for obtaining high-quality surface roughness and dimensional accuracy in its printed parts as this has more influence on how the customers judge the quality of the final product.
Modeling of the FDM 3D Surface Profile
Fundamentally, FDM 3D technology is mainly based on the layer manufacturing process [14] and the fundamental principle is quite straightforward [15] . The personal/desktop cost-effective FDM 3D is mostly a layer-by-layer (one layer at a time) or path-by-path (one path at a time) following thermoplastic filament material deposition process to build functional 3D parts according to generated section data from a prepared 3D CAD model. Figure 1 illustrates the manufacturing process and highlights some of the critical parts of the extrusion head as well as the deposition of the extruded filament for the FDM 3D printer. As can be seen from Figure 1 , it shows a wireshaped engineering thermoplastic filament material, typically 2.85 mm or 1.7 mm in diameter, which is fed horizontally into a heated extruder (single-extruder) by motorized gantry driving force from a coil reel by a numerical M. S. Alsoufi, A. E. Elsayed DOI: 10.4236/msa.2018. 91002 13 Materials Sciences and Applications control system code to generate a prescribed pattern, and transferred into a molten paste (semi-liquid state and above its melting point) to be extruded from the circular nozzle die results in a cylindrical coiled morphology of each layer or path. The extruded thermoplastic filament material is squeezed on the print bed (usually a glass platform) line by line (x-y directions) based on the pre-designed tool paths to form a surface and finally the FDM 3D part from bottom to the top as with other RP technologies. After one layer has been completed, the extruder is lifted by a distance of layer thickness to deposit another layer and the process repeats for the next cross-sectioned layer until the 3D printed part is completed. Then, the thermoplastic filament material cools, solidifies within a tight time of roughly a few seconds (depending on the filament material) and then sticks to the surrounding material [16] [17] . For more details, see [18] [19] . Commercially, a variety of traditional feedstock thermoplastic filament materials are supported by FDM based 3D printers, which make them ideal for the consumer market, including acrylonitrile butadiene styrene (ABS) [20] , polypropylene (PP) [15] , polycarbonate (PC) [21] , polylactic acid (PLA) [22] , polyether imide (PEI) [23] , short fiber composite [24] , metal [25] , bio-resorbable polymers [26] , ceramic [27] and metal/polymers mixture materials [28] .
The FDM method is perhaps the ultimate common 3D printing technique due to the number of FDM-based 3D printers available in the marketplace and indeed their low price (a cost of below $2000). Clearly, the unique method of printing 3D structures could have enormous potential and competitive advantages over the traditional fabrication or manufacturing processes.
Surface Roughness Measurement in AM
Surface finish quality on RP is becoming more and more vital with more printed parts being used for end-user purposes. Surface finish quality is critical not only for better functionality and appearance but also for cost reduction regarding reduced post-processing of 3D printed parts and overall prototyping time reduction also.
So, in this paper, the surface roughness amplitude parameters, which are independent parameters of each other, were quantitatively measured off-line in micro-meter level from the filtered profiles at 90˚ measuring direction across building direction. These amplitude parameters are average surface roughness, R a , root mean square, R q , skewness, R sk , and kurtosis, R ku . Other parameters such as height characterization (R k , R pk , R vk , M r1 and M r2 ) using the linear material ratio curve ISO13565-21996 standard were also considered and measured quantitatively off-line at micro-meter level. Bear in mind that the surface roughness amplitude parameters were selected according to the recommendations in the literature review and under consideration of the data processing facilities available with differing levels of information [29] [30] [31] [32] [33] . These amplitude parameter definitions are listed in Table 1 [34] and they are the same independent manufacturing parameters which were used during this investigation.
There are various methods obtainable for measuring the surface roughness profile and they can be further divided into two main groups of 1) contact method and 2) non-contact method [35] . Here, all FDM 3D fabricated parts were measured using a contact-type Taly Details of an engineering surface roughness measurement procedure have been already reported elsewhere [36] - [43] and are only briefly summarized here.
Proposed Approach
From the extensive literature survey, it can be revealed that several types of research have been investigated to reduce the surface roughness and warping deformation of industrial/professional FDM 3D printed parts by optimizing fabrication process parameters without a specific focus on personal/desktop cost-effective FDM 3D printers (cost below $2000) [7] [45]- [51] . However, there are still some glaring shortcomings in the literature.
So, to overcome this gap, in this research paper, the authors have studied the variation of surface roughness and dimensional accuracy of printed parts produced by a personal/desktop cost-effective FDM 3D printer including different 1 Cut-off length: This parameter is used in profile filters, determines which wavelengths belong to roughness and which ones to waviness. Only the roughness parts will be used to calculate the R a , R q , and so on. 2 Sampling length: This is the reference length for roughness evaluation whose length is equal to the cut-off length. 
It is the average surface roughness of the scanned profile around the mean line (the least squares mean line or that generated by a standard filter). It represents the average absolute deviation of the scanned profile points from a mean line. R q root mean squared µm ( )
It is the root mean square deviation of a scanned profile on a mean line. This is a statistically meaningful parameter that is only recently gaining acceptance for industrial surface measurement but is widely used within the optical surface community. This value is typically 11% higher than R a . It is further sensitive to peaks and valleys than R a as the amplitudes are squared. 
It is the roughness amplitude distribution and is a measure of the "peakedness" of the surface asperity heights about the profile mean line. A surface with a high kurtosis value tends to be peaky (large numbers of high asperities, and deep valleys) and produces a narrow asperity distribution.  True Gaussian distribution has a kurtosis = 3 R k core roughness depth µm
The depth of the roughness core profile.
R pk reduced peak height µm
The average height of protruding peaks above roughness core profile.
R vk reduced valley depth µm
The average depth of valleys is projecting through roughness core profile. thermoplastic filament material as it is vital for determining the quality of the final product, and provides users with essential information on the tolerance of the personal/desktop cost-effective FDM 3D technology in additive manufacturing (AM) by commercial 3D printers. Besides, the acquired data will be assessed in such a way that they can be further employed in the design of the personal/desktop cost-effectives FDM 3D printed parts and thermoplastic filament materials development. Figure 2 shows the workflow of the existing research paper. Similarly, to a great many other AM systems, the experiment started with a virtual 3D CAD modeling design that was prepared by using a conventional CATIA V5 3D solid modeling software tool in order to obtain the 3D proposed design. The 3D CAD model is then converted to STL (stereolithography or standard triangulated language) file format using CATIA software itself with a high level of control and precision. This file is used to create the cross-profile (mathematically slicing and orienting the model for the building process) that will be printed layer-by-layer (layers' outline) or path-by-path (paths' outline). Finally, the open source Slic3r version 1.3.0-dev software (G-code generator for 3D printer) is used to adjust the manufacturing process parameters, calculate the tool paths, infill density of each layer and also to control the heated printer extruder head of the personal/desktop cost-effective FDM 3D machine through its SD card port/USB port for the 3D part fabrication. The surface roughness quality and dimensional accuracy of all FDM 3D printed parts are obtained using contact-type surface roughness test-rig and electronic digital Vernier caliper gauge, respectively. The above process makes the design printable (i.e., able to be formed). All the measurements were performed between one and two days after 3D printing.
Experimental Details
In this section, the personal/desktop cost-effective FDM 3D printer, filament materials, conditions used in the production and 3D geometry of the printed parts are described in detail in the following sub-sections. Materials Sciences and Applications 
FDM 3D Printer and Materials
The personal/desktop cost-effective FDM 3D printing machine used in this work is the BEAST from Cultivate3D, Australia (see previously published work for essential technical details, e.g., [18] ). The personal/desktop cost-effective FDM 3D
printing machine has the provision to vary all manufacturing process parame-
For the open-source, the thermoplastic filament material used for fabrication parts was PLA, PLA+, ABS and ABS+ in order to evaluate the performance of the surface roughness quality and dimensional accuracy. These thermoplastic filament materials are particularly suitable for industrial applications since they are easily manageable in their pre-fusion state at low temperatures, steadily harden as they cool down at glass transition temperature and revert back to their initial properties [52] . The thermoplastic filament materials used during this investigation was supplied by Shenzhen Esun Industrial Co., Ltd.
Polylactic acid (PLA) is bio-degradable thermoplastic aliphatic polyester with molecular formula (C 3 H 4 O 2 ) n derived from renewable resources and manufactured out of plant-based materials, whereas reinforced polylactic acid (PLA+) is advanced and optimized thermoplastic filament material with toughness which is ten times more than the PLA on the market. On the other hand, acrylonitrile butadiene styrene (ABS) is also a thermoplastic material with molecular formula (C 8 H 8 ·C 4 H 6 ·C 3 H 3 N) n and its proportions may vary from 15% to 35% (acrylonitrile, "A") 5% to 30% (butadiene, "B") and 40% to 60% (styrene, "S") and it is manufactured out of oil-based materials, whereas reinforced acrylonitrile butadiene styrene (ABS+) is advanced and optimized thermoplastic filament material with high toughness, hardness and rigidity, excellent scratch resistance, excellent oil resistance and excellent heat resistance. All four types of thermoplastic filament materials with 1.75 mm diameter have a ranging accuracy of 1.7 to 1.8 mm [53] . Table 2 shows the 3D printing filament specifications.
Parameters Selection
Many fabrication parameters have impacts on the surface quality of FDM 3D
printed parts, for example, layer height, nozzle diameter, printing speed, raster angle, shell thickness and infill density and so on. Moreover, different factors make diverse influences on the surface quality and dimensional accuracy of the printed parts. The major ones are layer height and nozzle diameter. The thin Materials Sciences and Applications layer produces a smoother surface than the thick layer, whether it is measured diagonally across building direction, perpendicular to building direction or parallel to building direction. Surface roughness and part deposition time seem always to contradict each other. It is the same with nozzle diameter. In this paper, based on the previous research [18] [19], the sample manufactured details are listed in Table 3 , including the main printing factors as mentioned before, and other factors are maintained at their default levels. This study has considered new thermoplastic filament materials and different infill density percentage. Infill percentage indicates how full or hollow the printed part is where 1% is the vertical shell and 100% is solid. It also severely influences the mechanical properties such as toughness. The printing speed controls how fast the nozzle of the 3D printer moves while extruding the heated filament, whereas the extrusion temperature controls the temperature of the extruding nozzle. The layer height controls the thickness of each layer. Finally, the infill patterns control how the nozzle fills and raster across the infill layers. Usually, the default layer thickness is 0.2 mm which gives decent prints. However, in this paper, for high-quality prints and low warping deformation, the layer thickness of 0.1 mm may be used, which is twice that of 0.2 mm, but at the overall cost of building time.
FDM 3D Geometry
Several FDM 3D printed parts were manufactured with different thermoplastic filament materials (e.g., PLA, PLA+, ABS and ABS+) in order to measure the surface roughness quality and warping deformation. The chosen materials are the most relevant for each additive manufacturing (AM) process. All thermoplastic filament materials are provided by the manufacture of AM machines used. The dimensions of the very simple rectangular shape test specimen are 40 mm × 40 mm × 15 mm (length, width and height, respectively). Figure 3 shows the rectangular sample details and the measuring direction. Bear in mind that the 90˚ measuring direction is perpendicular to the building direction for all 4-identical faces, whereas at the top face (middle), the ±45˚ measuring direction is perpendicular to ±45˚ raster angle flat orientation.
FDM 3D Printed Print
A personal/desktop cost-effective FDM 3D printer (cost below $2000) was used to fabricate the parts using four different thermoplastic filament materials namely PLA, PLA+, ABS and ABS+. All thermoplastic filament materials are 1.70 mm in diameter and enter into the extruder in which it is fused at 220˚C. The pressure of the feeding system causes the extrusion, changing in the filament material diameter from 1.70 mm to 0.48 mm (layer width). The thermoplastic filament material is ejected through the circular nozzle (0.3 mm), and finally deposited in layers onto a glass platform that underneath has no heated bed. Four different FDM 3D printed parts were chosen for the final assessment as shown in Figure 4 . Besides, the double-sided thermal epoxy resin adhesive was implemented between the first layer and the printing area of printing platform in order to reduce or even eliminate the warping deformation at each corner (C1, C2, C3, C4) and at each face (C1-C2, C2-C3, C3-C4, C4-C1, top). The FDM 3D geometrical part was 40 mm (L) × 40 mm (W) × 15 mm (H). Samples of different filament materials were printed with a raster road of +45/−45 (diamond), 0/90 flat build orientation and 100% infill density pattern shape. The build time was recorded from the printing screen status on the machine itself. Besides, all the FDM 3D specimens were weighed by using a precision weighing balance named Sartorius 1702, model CP224S in a temperature and humidity controlled metrology laboratory, generally at 20˚C ± 1˚C and 40% ± 5% relative humidity. The surface roughness and dimensional accuracy of the FDM 3D printed parts were obtained by using a contact-type surface profilometer test-rig and electronic digital Vernier caliper gauge, respectively.
Results and Discussion
The surface roughness was measured in an angular position of 90˚ (perpendicular to the building direction) at 4-identical faces and it was measured in an angular position of ±45˚ (perpendicular to ±45˚ raster angle flat orientation) at the top face. To measure the surface roughness of the test specimen, at least three readings were taken at a different location from each side (C1-C2, C2-C3, C3-C4, C4-C1) along with top side as shown in Figure 5 (a) (method No. 1), while to measure the dimensional variation, at least ten readings were taken at a different location from each side (C1-C2, C2-C3, C3-C4, C4-C1) along with top side and each corner (C1, C2, C3, C4) of the printed samples as shown in Figure   5 (b) (method No. 2). The observed results are obtained and calculated based on the data generated from this paper in the following sub-section.
Dimensional Accuracy Assessments
Geometrical accuracy can be measured using an electronic digital Vernier caliper gauge and calculation of the deviation relative to the original STL file format. For the length and width variation compared to the true value of 40 mm in both axis in the original STL file, PLA+ shows a very small variation of almost 39.98 ± 0.16 mm (0.05% ± 0.40%, shape error) and 39.84 ± 0.12 mm (0.40% ± 0.30%, shape error), respectively, followed by PLA, ABS and ABS+. For PLA, the length variation was 40.05 ± 0.14 mm with total shape error of −0.13% ± 0.36% and the width variation was 39.85 ± 0.11 mm with total shape error of 0.38% ± 0.28%. For ABS, the length variation was 39.90 ± 0.09 mm with total shape error of 0.25% ± 0.23% and the width variation was 39.87 ± 0.04 mm with total shape error of 0.31% ± 0.10%. Surprisingly, reinforced ABS+ shows more variation in length and width than standard ABS by almost 39.89 ± 0.28 mm with total shape error of 0.28% ± 0.22% and by almost 39.835 ± 0.11 mm with total shape error of 0.42% ± 0.27%, respectively. This variation in length, width and height might be due to the nozzle temperature of 220˚C which is constant for all thermoplastic filament materials. For the group of PLA and PLA+, the selected nozzle temperature parameter of 220˚C represented the maximum print temperature whereas for the group of ABS and ABS+ it represented the minimum print temperature as recommended by the supplier (see Table 2 ). This two-boarded line between the maximum and minimum value of printed parts plays a significant role in the dimensional accuracy of all printed parts. with 16.60% shape error to 14.92 mm with 0.53% shape error, respectively. Indeed, with ABS engineering thermoplastic material, deviation from the true value (15 mm) reached the maximum shape error by almost 33.53% which is equal to 9.97 mm. This is the fact that the solidification process which is more likely to be related to nozzle temperature needs more time to heal and also needs high nozzle temperature to stabilize and cool down slowly. It is also noticeable that the shape error variation on each corner and each face for specimens fabricated with the open-source system using PLA and PLA+ thermoplastic materials have not exceeded 3.00% indicating that less warping deformation and dimensional variation was 14.8 ± 0.3 mm. While, in Figure 9 (b), the mean and standard deviation of the normal Q-Q distribution plot of PLA+ for the height geometry variation was 14.8 ± 0.2 mm, indicating the same height geometry variation was observed with only small variation of ±0.3 mm and ±0.2 mm for PLA and PLA+, respectively. However, in Figure 9 (c), the mean and standard deviation of the normal Q-Q distribution plot of ABS for the height geometry variation was 12.5 ± 1.7 mm, whereas, in Figure 9 (d), the mean and standard deviation of the normal Q-Q distribution plot of ABS+ for the height geometry variation was 13.8 ± 0.8 mm, indicating that there is unwanted variation in the height geometry that was observed with a big variation of ±1.7 mm and ±0.8 mm for ABS and ABS+, respectively. other faces, whereas ABS shows irregularity distribution in the surface roughness, waviness and primary for all faces including the top face (middle) and there is no distinctive pattern to observe. Figure 11 illustrates the mean and standard deviation (mean ± SD) of the measured surface profile values for each FDM 3D printed part with and without the top face by considering 90˚ measuring direction (perpendicular to building direction).
Surface Profile Assessments
For PLA engineering plastic as shown in Figure 11(a) , the mean ± SD values with a top face for R a , W a and P a were 21.8 ± 21.7 µm, 25.6 ± 12.6 µm and 32.1 ± 19.6 µm, respectively. Whereas the mean ± SD values without a top face for R a , W a and P a were 11 ± 0.8 µm, 20.5 ± 8.1 µm and 22.9 ± 7.3 µm, respectively. For PLA+ engineering plastic as shown in Figure 11(b) , the mean ± SD values with a top face for R a , W a and P a were 15.9 ± 11.8 µm, 16.9 ± 6.5 µm and 22.5 ± 10.1 µm, respectively. Whereas the mean ± SD values without a top face for R a , W a and P a were 10 ± 1.1 µm, 14.1 ± 3.8 µm and 17.7 ± 2.9 µm, respectively. For ABS engineering plastic as shown in Figure 11(c) , the mean ± SD values with a top face for R a , W a and P a were 64.1 ± 12.2 µm, 114.6 ± 35.5 µm and 126 ± 13.8 µm, respectively. Whereas the mean ± SD values without a top face for R a , W a and P a were 62 ± 12.8 µm, 124.1 ± 33.5 µm and 128.2 ± 14.7 µm, respectively.
For ABS+ engineering plastic, as shown in Figure 11(d) , the mean ± SD values with a top face for R a , W a and P a were 25.3 ± 14.8 µm, 30.2 ± 9 µm and 37.9 ± 14.8 µm, respectively. Whereas the mean ± SD values without a top face for R a , W a and P a were 17.9 ± 2.1 µm, 26.6 ± 6 µm and 31.2 ± 6.9 µm, respectively.
Generally, the drop in the mean and standard deviation values when excluding the top face indicates that the measuring direction plays a substantial role in determining the surface roughness, waviness and primary behaviour of all printed parts. Besides, there is a low interaction between raster angle (±45˚) and slice height for the top face (middle), whereas for the four-identical side faces this interaction in the only significant one. Based on this finding for all FDM 3D printed parts, the performance of the surface roughness, waviness and primary in the range from an excellent performance to worth performance were as flows PLA+ < PLA < ABS < ABS+. Figure 12 shows the two-dimensional (2D) surface profile ratio of the R q /R a , W q /W a and P q /P a for all printed parts. For PLA thermoplastic filament material, the ratio of the average root means square (R q , W q and P q ) to average surface roughness, waviness and primary (R a , W a and P a ) for R q /R a , W q /W a and P q /P a was found to be randomly varying with constant deviation of around 1.25 ± 0.03, 1.22 ± 0.03 and 1.24 ± 0.03, respectively, which is very small and is tolerable. For PLA+ thermoplastic filament material, the ratio of the average root Materials Sciences and Applications Figure 12 . Surface profile (2D) of (a) R q /R a ; (b) W q /W a and (c) P q /P a . means square (R q , W q and P q ) to average surface roughness, waviness and primary (R a , W a and P a ) for R q /R a , W q /W a and P q /P a was found to be randomly varying with almost constant deviation of around 1.22 ± 0.02, 1.25 ± 0.03 and 1.26 ± 0.03, respectively. For ABS thermoplastic filament material, the ratio of the average root means square (R q , W q and P q ) to average surface roughness, waviness and primary (R a , W a and P a ) for R q /R a , W q /W a and P q /P a was found to be randomly varying in both mean and standard deviation of around 1.40 ± 0.36, 1.28 ± 0.03 and 1.31 ± 0.07, respectively. For ABS+ thermoplastic filament material, the ratio of the average root means square (R q , W q and P q ) to average surface roughness, waviness and primary (R a , W a and P a ) for R q /R a , W q /W a and P q /P a was found to be randomly varying with almost constant deviation of around 1.50 ± 0.20, 1.45 ± 0.13 and 1.45 ± 0.15, respectively.
Noticeably, PLA and PLA+ show an excellent surface profile ratio with almost constant deviation in surface roughness, waviness and primary. Whereas ABS and ABS+ show unacceptable surface profile ratio with random variation in deviation in surface roughness, waviness and primary. Ideally, R q /R a , W q /W a and P q /P a are equal to 1.22 (for 2D) with minimum deviation is an excellent surface profile ratio, as the R q is very sensitive to peaks and valleys than R a because of the fact that the amplitudes are squared. Figure 13 shows the skewness (R sk , W sk and P sk ) 3 rd moment versus the kurtosis (R ku , W ku and P ku ) 4 th moment of all FDM 3D printed parts. Ideally, a value of zero for skewness and three for kurtosis is typical for a random, Gaussian profile and weakly isotropic.
In Figure 13 printed parts on all faces, the PLA showed both leptokurtic and platykurtic distribution with high and low degree of peakedness as R ku , W ku and P ku represent both less and greater than 3.
In Figure 13 distribution with high and low degree of peakedness as R ku , W ku and P ku represent both less and greater than 3. In Figure 13 (c), the general trend of ABS thermoplastic filament material showed 5% positive skewness (+ve for steep peaks and flat valleys) and 95% negative skewness (−ve for flat peaks and steep valleys) for the surface roughness and almost equally distributed over waviness and primary. The maximum and minimum trend of skewness and kurtosis was in the range of −0.74 ≤ R sk ≤ −0.02 and 2.01 ≤ R ku ≤ 3.05 (for surface roughness), −1.1 ≤ W sk ≤ 0.79 and 2.26 ≤ W ku ≤ 4.01 (for waviness) and −1.39 ≤ P sk ≤ 1.05 and 2.01 ≤ P ku ≤ 5.82 (for primary).
Based on skewness and kurtosis results obtained from printed parts on all faces, Materials Sciences and Applications the ABS showed both leptokurtic and platykurtic distribution with high and low degree of peakedness as R ku , W ku and P ku represent both less and greater than 3.
In Figure 13( 
Surface Profile Height Assessment
The R k group parameter (core roughness depth, R k , reduced peak height, R pk , reduced valley depth, R vk , material portion 1, M r1 , and material portion 2, M r2 ) is derived from the bearing ratio curve based on the ISO 13565-2:1996 standard (Abbott curve, which represents mathematically the cumulative probability density function of the profile height of a surface and can be calculated by integrating the profile trace). Bear in minds that R pk (in µm) and M r1 (in %) represents the peaks of the FDM 3D printed parts of all thermoplastic filament materials.
Whereas R vk (in µm) and M r2 (in %) represents the valleys of the FDM 3D printed parts of all thermoplastic filament materials, and R k (in µm) represents the core/kernel of printed parts. These parameters were precisely designed for the control of the potential wear in cylinder bores in the automotive industry. They attempt to find and describe in numeric terms the wear characteristics of the bore by use of a material ratio curve.
Here, R k (core), R pk (peaks) and R vk (valleys) were examined for all FDM 3D
printed parts by considering different thermoplastic filament materials namely PLA, PLA+, ABS and BAS+. The bearing area curve tells us how much of the surface behaviour is above a certain height. More significant bearing area sample after FDM 3D technology is equivalent to most of the surface is close to the peak of the surface. The R pk (peaks) and R vk (valleys) parameters can have an influence on friction. Large R k parameter in FDM surface value implies a surface composed of high peaks providing small initial contact area (point or line) and thus high contact stress areas when the surface is contacted. Materials Sciences and Applications Figure 14 shows the differences in roughness profiles of all FDM 3D printed samples for the material ratio assessment (R k , R pk and R vk ). Higher roughness parameters in FDM 3D sample lead to a decrease of friction providing a small initial contact area. Generally, based on the data obtained from Figure 14 , the mean and standard deviation (mean ± SD) of R k (core), R pk (peaks) and R vk (valleys) for PLA in- It is precisely observed that PLA+ filament material exhibits an excellent surface behaviour compared to other filament materials due to its lower printing temperature, PLA+, when properly cooled, is less likely to deform or layer breaking problems (making it easier to print with) and can print sharper corners and features. It also shows that the top face for all filament materials exhibits irregularity surface distribution with high valleys compared to other faces (C1-C2, C2-C3, C3-C4, C4-C1). (material portion 2) including the top face were 5.05% ± 2.21% and 81.73% ± 12.05% (for PLA), 2.60% ± 0.69% and 82.31% ± 11.69% (for PLA+), 9.64% ± 3.67% and 78.11% ± 8.67% (for ABS), 6.20% ± 2.38% and 83.37% ± 12.32% (for ABS+), respectively.
In general, M r1 shows tiny material portion by less than 10% for all printed parts whereas M r2 shows large material portion by more than 90% for all printed irregularity surface behaviour distribution among the group of R k (core), R pk (peaks) and R vk (valleys). It also shows that R k (core) and R pk (flat peaks) remain unchanged over four faces including the top face for PLA, PLA+ and ABS+.
Conclusions
This paper presents an experimental platform which is used to study the surface roughness quality of FDM 3D printed parts using different filament materials namely PLA, PLA+, ABS and ABS+ along with the dimensional accuracy in length, height and width of all printed parts. The surface roughness quality and dimensional accuracy of FDM 3D printed parts were analyzed, and the following conclusions were arrived at:  Undesirable warping deformation and shape errors occur in the final rectangular printed parts due to heat shrinkage compared to the true value of 40
